The DNA recombination and repair machineries of Mycoplasma pneumoniae and Mycoplasma genitalium were predicted to consist of a set of~11 proteins. The function of one of these proteins was inferred from its homology with proteins belonging to the Endo IV enzyme family. The members of this family function in the repair of apyrimidinic/apurinic (AP) sites in DNA. As such activity may be crucial in the mycoplasmal life cycle, we set out to study the Endo IV-like proteins encoded by M. pneumoniae and M. genitalium. Both proteins, termed Nfo Mpn and Nfo Mge , respectively, were assessed for their ability to interact with damaged and undamaged DNA. In the absence of divalent cations, both proteins exhibited specific cleavage of AP sites. Surprisingly, the proteins also recognized and cleaved cholesteryl-bound deoxyribose moieties in DNA, showing that these Nfo proteins may also function in repair of large DNA adducts. In the presence of Mg 2+ , Nfo Mpn and Nfo Mge also showed 39A59 exonucleolytic activity. By introduction of 13 single point mutations at highly conserved positions within Nfo Mpn , two major types of mutants could be distinguished: (i) mutants that showed no, or limited, AP cleavage activity in the presence of EDTA, but displayed significant levels of AP cleavage activity in the presence of Mg 2+ ; these mutants displayed no, or very low, exonucleolytic activity; and (ii) mutants that only demonstrated marginal levels of AP site cleavage activity in the presence of Mg 2+ and did not show exonucleolytic activity. Together, these results indicated that the AP endonucleolytic activity of the Nfo Mpn protein can be uncoupled from its 39A59 exonucleolytic activity.
INTRODUCTION
Mycoplasma pneumoniae and Mycoplasma genitalium possess a limited set of proteins involved in DNA recombination and repair (Carvalho et al., 2005; Rocha et al., 2005) . This set includes proteins involved in homologous DNA strand transfer (RecA and SSB) (Sluijter et al., 2008 (Sluijter et al., , 2009 ), Holliday junction branch processing (RuvA, RuvB and RecU) (Estevão et al., 2011; Sluijter et al., 2010 Sluijter et al., , 2011 Sluijter et al., , 2012 , and nucleotide excision repair (UvrA, UvrB, UvrC and PcrA) (Estevão et al., 2013) . In contrast to many other prokaryotes, however, M. pneumoniae and M. genitalium lack homologues of RecBCD, AddAB, RecQ, RecJ and RecFOR, as well as homologues of enzymes involved in the SOS response, such as LexA (Carvalho et al., 2005; Rocha et al., 2005) . Moreover, while most bacterial families express multiple enzymes that function in base-excision repair (BER), both M. pneumoniae and M. genitalium probably harbour a single enzyme involved in this process. This notion is based on the finding that only one of the ORFs within the genomes of these Mycoplasma species shows sequence similarity with genes encoding proteins with established roles in BER (Dandekar et al., 2000; Fraser et al., 1995; Himmelreich et al., 1996) . Specifically, ORFs MPN328 and MG235 from M. pneumoniae and M. genitalium, respectively, have the capacity to code for homologues of Nfo proteins (also known as Endo IV proteins) from other bacterial species (Aravind et al., 1999; Daley et al., 2010; Haas et al., 1999; Huffman et al., 2005; Levin et al., 1988; Ljungquist, 1977; Mol et al., 2000; Salas-Pacheco et al., 2003; Saporito & Cunningham, 1988) . These enzymes have been reported to function in the recognition and removal of abasic or apyrimidinic/apurinic (AP) sites in DNA. AP sites represent the most frequent DNA lesions found in vivo, and are caused by spontaneous hydrolysis, radiation, or the action of either toxins or DNA glycosylases, which remove aberrant bases from DNA (Daley et al., 2010; Huffman et al., 2005; Lindahl et al., 1997; Mol et al., 2000) . Because the presence of AP sites in the genome can block DNA replication and/or lead to mutations, the repair of these sites is crucial for maintaining genome integrity. Apart from their role in the BER pathway, Nfo proteins also function in the nucleotide incision repair (NIR) pathway, in which the proteins are responsible for the initial incision of oxidatively damaged DNA (Golan et al., 2010; Ischenko & Saparbaev, 2002; Ishchenko et al., 2006; Redrejo-Rodríguez et al., 2011) .
Most of the knowledge on the function of Nfo proteins has been obtained from studies of Escherichia coli Nfo (Nfo Eco ). This enzyme was found to hydrolyse phosphodiester bonds at the 59 side of both AP sites and oxidatively damaged bases (Bailly & Verly, 1989; Ischenko & Saparbaev, 2002; Takeshita et al., 1987) . In addition, Nfo Eco was reported to hydrolyse 39-phosphoglycollate ends and 39 phosphate groups, producing 39-OH groups (Demple et al., 1986; Siwek et al., 1988) . Another activity that has been attributed to the Nfo Eco protein is 39A59 exonuclease activity (Kerins et al., 2003) . Nfo homologues from other bacterial species were also reported to have this activity (Back et al., 2006; Kerins et al., 2003; Liu et al., 2007) .
In light of the important role that the MPN328-and MG235-encoded proteins (Nfo Mpn and Nfo Mge , respectively) may play in the biology of M. pneumoniae and M. genitalium, we set out to study the characteristics of these proteins. Here, we show that both proteins have AP sitespecific endonucleolytic activity as well as non-specific 39A59 exonucleolytic activity. In addition, we demonstrate that these two activities can be uncoupled by introduction of specific point mutations in the Nfo Mpn protein. Finally, we show that the mycoplasmal Nfo proteins are also capable of specific cleavage of DNA containing bulky (cholesteryl) adducts.
METHODS
Cloning of the MPN328 and MG235 ORFs. Bacterial DNA was isolated from cultures of M. genitalium strain G37 (ATCC 33530) and M. pneumoniae strain M129 (ATCC 29342) using standard procedures (Sluijter et al., 2008) . The MPN328 gene was amplified using two different sets of PCR primers. The first set consisted of primers and . Amplification with these primers resulted in a PCR fragment with a unique NdeI site at the 59 end of the MPN328 ORF and a BglII site near the 39 end; these sites are underlined in the primer sequences. Primer MPN328pET-rv also served to exchange a TGA codon (encoding tryptophan in mycoplasmas) at position 844-846 of the MPN328 ORF for a TGG codon (encoding tryptophan in E. coli). After digestion with NdeI and BglII, the PCR fragment was cloned into NdeI-and BamHI-digested vectors pET-11c (Novagen) and pET-16b (Novagen), generating plasmids pET-11c-Nfo Mpn and pET-16b-Nfo Mpn .
The second set of PCR primers that was used for the amplification of MPN328 consisted of primers MPN328pMAL-fw [59-GATC-GGAATTCATGCCTAAACTCCTAGG-39, containing an EcoRI site (underlined)] and MPN328pMAL-rv (59-CAGTTCTGCAGTTAT-CGTGCTCCAAACCAAGCACGGATCCTTTC-39, containing a PstI site). Primer MPN328pMAL-rv also served to exchange the aforementioned TGA codon within the MPN328 ORF for a TGG codon. After digestion with EcoRI and PstI, the PCR fragment was cloned into EcoRI-and PstI-digested vector pMAL-c (New England Biolabs), generating vector pMAL-c-Nfo Mpn .
The M. genitalium MG235 ORF was amplified and cloned in a similar fashion as described above for MPN328. For the amplification and cloning of MG235 into the pET vectors, the following primers were used: primer MG235pET-fw [59-GATCGCATATGCCTAAGCTAC-TGG-39, containing an NdeI site (underlined)] and MG235pET-rv (59-CAGTTGGATCCCTAGTTAGCATCTGGTTGGTAAGTTTTAA-ACCAGCTGCGGATTTG-39, containing a BamHI site). The latter primer also served to exchange a TGA codon at position 844-846 of the MG235 ORF for a TGG codon. The pET-11c and pET-16b-derived expression vectors were named pET-11c-Nfo Mge and pET-16b-Nfo Mge , respectively. For construction of the pMAL-c-derived expression vector (pMAL-c-Nfo Mge ), the following primers were used: MG235pMAL-fw (59-GATCGGAATTCATGCCTAAGCTACTGG-39, containing an EcoRI site) and MG235pMAL-rv (59-CAGTTTCTAGACTAGTTAG-CATCTGGTTGGTAAGTTTTAAACCAGCTGCGGATTT-G-39, containing an XbaI site). Primer MG235pMAL-rv also served to exchange the aforementioned TGA codon of MG235 for a TGG codon.
The pET-11c-and pET-16b-derived plasmids were used for the expression of native and poly-histidine (H 10 )-tagged proteins, and the pMAL-c-derived plasmids were used for the expression of maltosebinding protein (MBP)-fused proteins in E. coli. The sequences of all DNA constructs used in this study were verified by dideoxy sequencing, as described previously (Sluijter et al., 2009 ).
Generation of plasmids encoding point mutants of Nfo Mpn .
Expression constructs encoding point mutants of Nfo Mpn were constructed using a PCR-based mutagenesis procedure similar to that described previously (Estevão et al., 2013; Sluijter et al., 2011) . Plasmid pET-11c-Nfo Mpn , which contains the TGAATGG substitution at position 844-846 of MPN328, was used as template in the mutagenesis reactions. The primers used for generation of the constructs containing mutated MPN328 ORFs are listed in Table S1 (available in the online Supplementary Material).
Expression and purification of Nfo proteins. The Nfo Mpn and Nfo Mge proteins were expressed in E. coli in their native form and as either H 10 -tagged or MBP-tagged proteins. The native proteins (Nfo Mpn and Nfo Mge ) were expressed in E. coli BL21(DE3) pLysS, and were purified as follows. After growth of the transformed bacteria in 1 l LB medium containing ampicillin (50 mg ml
21
) and chloramphenicol (20 mg ml
) until an OD 600 of 0.6, protein expression was induced by the addition of IPTG to a final concentration of 1.0 mM. After overnight incubation at 16 uC, the cells were harvested by centrifugation (10 min at 6000 g) and the cell pellets were stored at 220 uC. The cells were thawed and resuspended in 20 ml 20 mM Tris/HCl (pH 7.4), 0.1 mM EDTA, 1 mM DTT (buffer A) and 1 mM PMSF. After sonication, the suspension was centrifuged at 13 000 g for 20 min (at 4 uC). The supernatant was then loaded onto a 4 ml SP Sepharose Fast Flow column (GE Healthcare Life Sciences). The protein was eluted from the column by a 20 ml gradient from buffer A to buffer B (buffer A containing 1 M NaCl). The fractions containing the Nfo protein were pooled, diluted five times with buffer A, and loaded onto a 4 ml DNAcellulose column (GE Healthcare Life Sciences). The protein was eluted with a 20 ml gradient from buffer A to buffer B, pooled and dialysed to 20 mM Tris/HCl (pH 7.4), 0.1 M NaCl, 0.1 mM EDTA, 1 mM DTT, 50 % (v/v) glycerol (buffer C). The protein was stored at 220 uC. All H 10 -tagged proteins were expressed overnight at 16 uC in E. coli strain BL21-CodonPlus-RIL (Stratagene). Cell pellets from 50 ml cultures were resuspended in 5 ml 50 mM sodium phosphate (pH 8.0), 1 M NaCl and 0.5 mg lysozyme ml
, and sonicated. The suspension was then centrifuged for 20 min at 13 000 g (at 4 uC), and the resulting supernatant was loaded onto 0.3 ml Ni-NTA Agarose (Qiagen). After washing the column with buffer D [50 mM Na HPO 4 (pH 8.0), 1 M NaCl] with increasing concentrations of imidazole (up to 20 mM), the H 10 -tagged proteins were eluted with buffer C plus 250 mM imidazole. The protein-containing fractions were pooled and dialysed to buffer C.
The MBP-fused proteins were expressed in E. coli XL1-Blue and purified using a previously described procedure (Vink et al., 1994a) . After purification, the proteins were dialysed to buffer C.
SDS-PAGE.
Proteins were analysed by SDS-PAGE according to the method described by Laemmli (1970) . Gels were stained with Coomassie brilliant blue, destained in 40 % methanol/10 % acetic acid, and digitally photographed using a GelDoc XR system (BioRad). The images were processed using Quantity One 1-D Analysis Software (Bio-Rad).
DNA substrates. The oligonucleotide substrates that were used in the DNA cleavage assays have previously been described by Kerins et al. (2003) . Substrate SubSS-19 is a 59-6-FAM-labelled oligonucleotide with the sequence 59-GGCGAACGAGACGAGGGCAGCTGGA-AAGG-39. Oligonucleotide SubSS-19AP is similar to SubbSS-19, but contains a tetrahydrofuran spacer (THF/dSpacer) instead of a normal nucleotide at position 19. Substrate Ds-AP is a double-stranded oligonucleotide consisting of annealed oligonucleotide . Substrate Ds consists of annealed oligonucleotides . Oligonucleotide SubSS-18R (59-6-FAM-GGCGAACGAGACGAGGGC-39) was used as a length marker in denaturing DNA electrophoresis.
Apart from the AP substrate, a DNA substrate was used that contains a lesion consisting of a cholesteryl group attached to the 19 carbon atom of the deoxyribose moiety of an internal nucleoside. This doublestranded substrate has previously been designed to test the activity of E. coli UvrABC (Moolenaar et al., 2000) . It is composed of annealed oligonucleotides Uvr-1 (59-FAM-GGGATTACTTACGGCCACATT-ACTAC in which [chol] represents the deoxyribose-cholesteryl modification at position 27) and complementary oligonucleotide Uvr-3 (59-CCTGTCAGCTCG-TTCTGAGTTCCAGTAGTAA-TGTGGCCGTAAGTAATCCC-39). All oligonucleotides were purchased from Eurogentec.
DNA cleavage assays. DNA cleavage assays were performed in volumes of 10 ml and contained 20 mM Tris/HCl (pH 7.5), 1 mM DTT, 10 nM substrate DNA and various concentrations of protein.
Reactions were carried out for 10-15 min at 37 uC, after which the reactions were terminated by addition of 1 ml Termination Mix (5 % SDS, 50 mM EDTA) and 1 ml Proteinase K (at 10 mg ml
21
). This step was essential for protein inactivation because the Nfo proteins were found to remain active in the presence of formamide at concentrations up to~45 %. After deproteinization (15 min at 37 uC), 12 ml of formamide loading dye (95 % formamide, 0.05 % bromophenol blue, v/v) was added, followed by incubation for 3 min at 85 uC. The samples (10 ml) were then loaded on 12 % polyacrylamide gels containing 8 M urea and 16 TBE (90 mM Tris, 90 mM boric acid, 2 mM EDTA). Following electrophoresis, the gels were analysed by fluorometry, using a Typhoon Trio 9200 Variable Mode Imager (GE Healthcare). Digital images were converted into TIFF files using the Typhoon Scanner Control v4.0 software (Amersham Bioscience) and processed using Quantity One 1-D Analysis Software.
RESULTS

M. pneumoniae and M. genitalium encode Nfo homologues
The genomes of both M. pneumoniae (strain M129) and M. genitalium (strain G37) contain ORFs that have the capacity to encode homologues of Nfo proteins (Dandekar et al., 2000; Fraser et al., 1995; Himmelreich et al., 1996) . The amino acid sequences encoded by these ORFs, MPN328 and MG325, respectively, display a high level of similarity to each other (65 % identity) as well as to Nfo-like sequences from other mycoplasma species, such as Ureaplasma parvum (~39 % identity), and Gram-positive bacteria, such as Lactobacillus plantarum (~37 %) and Staphylococcus aureus (~37 %). The sequences of these Nfo(-like) proteins were included in a multiple sequence alignment (Fig. 1a) . The alignment revealed that the MPN328-and MG235-encoded sequences possess various Nfo-specific sequence characteristics. Among these characteristics are several conserved amino acid residues that may be involved in DNA binding and/or DNA hydrolysis. These residues include H72, H112, E147, D181, H184, H215, D228, H230 and E260 of Nfo Mpn . The Nfo Eco counterparts of these highly conserved residues have been demonstrated to be involved in the interaction with divalent cations in the active site of the protein (Garcin et al., 2008; Hosfield et al., 1999) .
Purification of Nfo Mpn and Nfo Mge
To determine the characteristics of the Nfo-like proteins from M. pneumoniae and M. genitalium, we expressed these proteins both in their native form and as fusion proteins with either an H 10 or an MBP tag at the amino terminus. Each of these six proteins could be purified to near homogeneity using different protocols, as described in Methods. One of the protein preparations, i.e. that of MBP-Nfo Mge (Fig. 1b, lane 7) , contained minor species with a lower molecular mass than that of the full-length protein. Such species are often observed for MBP fusions, particularly when these proteins are relatively large. They were identified previously as products of either premature translation termination or proteolysis of the MBP fusions (Estevão et al., 2013; Sluijter et al., 2010; Vink et al., 1993 Vink et al., , 1994b .
Endonucleolytic and exonucleolytic activities of the Nfo proteins
Because Nfo proteins from other bacterial species were shown previously to possess endonucleolytic activity on substrates containing AP sites, we tested the activity of the purified Nfo proteins from M. pneumoniae and M. genitalium on a double-stranded oligonucleotide substrate with an abasic site (a tetrahydrofuran group) instead of a normal nucleotide at position 19 of the 6-FAM-labelled strand (Substrate Ds-AP). Reactions were performed either in the presence or in the absence of Mg 2+ . In the absence of Mg 2+ , the six Nfo proteins each cleaved the AP substrate in a specific fashion, producing a major product with a length of 18 nt (Fig. 2a, lanes 2-7) . This product was found to have a free 39 OH group (Fig. S1 ). As the abasic site in substrate Ds-AP is localized to position 19 of the labelled DNA strand, the Nfo proteins cleave the substrate at the phosphodiester bond immediately 59 to the AP site. The specificity of the AP site cleavage reaction was further demonstrated by incubation of the Nfo proteins with a DNA substrate having the same sequence as Ds-AP, but lacking an abasic site (substrate Ds). As shown in Fig. 2 (a) (lanes 16-21), this substrate was not cleaved by the Nfo proteins. Only marginal differences were observed between the tagged and untagged proteins in the efficiency of cleavage, indicating that the H 10 and MBP tags do not significantly influence the activity of the proteins.
Incubation of the Nfo proteins with substrate Ds-AP in the presence of 2 mM Mg 2+ resulted in a significantly different set of products than that observed in the absence of divalent cations (Fig. 2a, lanes 9-14) . Specifically, a range of fragments was observed, the majority of which had lengths smaller than, or equal to, 18 nt. This Mg 2+ -dependent activity of the mycoplasmal Nfo proteins probably results from these proteins' inherent 39A59 exonucleolytic activity, which has previously also been attributed to other Nfo proteins (Back et al., 2006; Kerins et al., 2003; Liu et al., 2007) . As expected, this activity was independent of the presence of an abasic site in the DNA substrate; substrate Ds was degraded with a similar efficiency by the Nfo proteins as was substrate Ds-AP (Fig. 2a, lanes 23-28) . The degradation patterns observed for the two substrates, however, showed clear differences. These differences are probably caused by the AP site cleavage activity of the Nfo proteins, which not only occurs in the absence of Mg 2+ (as described above), but also occurs in the presence of this divalent cation. The reaction products generated with substrate Ds-AP therefore resulted from both the 39A59 exonuclease activity and the AP site-specific endonuclease activity of the Nfo proteins. The products generated with substrate Ds, however, originate exclusively from 39A59 exonucleolytic degradation. Also here, both the tagged and untagged versions of both proteins demonstrated similar activities. As each of the versions was purified in a different fashion, it is likely that the 39A59 exonucleolytic activity is an intrinsic property of the Nfo proteins and is not caused by potentially co-purified contaminating nucleases from E. coli.
To determine the efficiency of the AP site cleavage and 39A59 exonucleolytic activities, a time series experiment was performed with either substrate Ds-AP (in the absence of Mg 2+ ; Fig. 2b ) or substrate Ds (in the presence of Mg 2+ ; Fig. 2c ). Fig. 2(b) shows that within 5 min of incubation with 100 nM of either Nfo Mpn or Mfo Mge , 70-80 % of substrate Ds-AP (at 10 nM) was cleaved. The 39A59 exonuclease activity of the proteins was also efficient, reaching~90 % of the optimum level of degradation within 5 min of incubation (Fig. 2c, lanes 4 and 10) . The degradation products observed after 1 min of incubation (Fig. 2c, lanes 3 and 9) showed that the proteins' exonucleolytic activity proceeds from the 39 end of the 59 FAM-labelled oligonucleotide substrate. We therefore concluded that Nfo Mpn and Nfo Mge possess two different catalytic activities, i.e. divalent cation-independent AP sitespecific cleavage activity and Mg 2+ -dependent 39A59 exonucleolytic activity. As the tagged and untagged versions of the proteins exhibited similar activities, the remainder of this study focused on the characteristics of the H 10 -tagged versions, which could be obtained at the highest concentration and highest purity of all versions tested.
Divalent cation requirements of the Nfo proteins
As described above, Nfo Mpn and Nfo Mge require Mg 2+ in order to exert their 39A59 exonucleolytic activity, but do not require additional Mg 2+ for AP site cleavage. To further investigate the divalent cation-dependence of both proteins, they were first incubated with substrate Ds-AP in the presence of different concentrations of EDTA. As shown in Fig. 3(a) , the AP site cleavage activity of both H 10 -Nfo Mpn (lanes 2-7) and H 10 -Nfo Mge (lanes 8-13) is not influenced significantly by concentrations of EDTA up to 10 mM. In contrast, the Nfo protein from Thermus thermophilus (Nfo Tth ) was reported to be inactive at an EDTA concentration of 10 mM (Back et al., 2006) . At relatively low concentrations of EDTA (up to 1 mM), additional DNA fragments are produced that are one or two nucleotides smaller than both the uncleaved and cleaved substrate. This is especially clear for H 10 -Nfo Mpn (lanes 2-4), which appears to have a somewhat higher activity than H 10 -Nfo Mge . It is likely that these fragments are produced by the proteins' 39A59 exonucleolytic activity, which is detectable at low EDTA concentrations due to either the presence of trace amounts of divalent cations in the reaction or the inability to extract the divalent cations that are potentially coordinated by the proteins at low concentrations of EDTA.
Optimal 39A59 exonucleolytic activity was observed at Mg 2+ concentrations between 0.5 mM and 20 mM (Fig.  3b) . Interestingly, the AP site cleavage activity of H 10 -Nfo Mpn and H 10 -Nfo Mge also appeared to be stimulated at increased concentrations of Mg 2+ (Fig. 3b , lanes 2-8 and 10-16); this activity may, however, be influenced by the exonucleolytic activity of the proteins, which produces oligonucleotide products of various lengths, which may be cleaved at their AP sites more efficiently than the fulllength substrate.
The specificity of the divalent cation-dependence of H 10 -Nfo Mpn and H 10 -Nfo Mge was assessed by incubation of the proteins with substrate Ds-AP in the presence of different divalent cations (each at 2 mM). As shown in Fig. 3(c) . A similar observation was made when substrate Ds was tested (Fig. 3d) . With this substrate, some exonucleolytic activity was also observed in the 14 and lanes 23-28, respectively) . Each of the six purified Nfo proteins (indicated above the lanes; at 100 nM) was incubated in volumes of 10 ml with 10 nM of the double-stranded DNA substrate (which contain a 59 6-FAM label on one of the strands), 20 mM Tris/HCl (pH 7.5) and 1 mM DTT. After 10 min of incubation at 37 6C, the reactions were terminated, separated by denaturing PAGE, and analysed by fluorometry (see Methods for details). The lengths of the substrates and AP cleavage products are shown on the left-hand side of the gel in nucleotides. '"' indicates a negative control reaction performed in the absence of protein. (b) Time-course of the AP site cleavage reaction. Reactions (100 ml) were performed in the absence of divalent cations with substrate Ds-AP (10 nM) and either Nfo Mpn (&) or Nfo Mge (h) (at 100 nM). At nine different time points (0, 0.5, 0.75, 1, 2, 4, 8, 16 and 30 min), samples of 10 ml were taken from the reaction and analysed as described in (a). AP site cleavage ('Cleavage' on the y-axis) was quantified by determination of the percentage of substrate Ds-AP that was cleaved by the Nfo proteins. Data shown are the mean of three independent experiments. Quantification was performed using Quantity One software (Bio-Rad), after separation of reaction products on polyacrylamide gels. Error bars indicate the standard deviation of the mean. (c) Time-course of the 39A59 exonucleolytic reaction. Reactions (100 ml) were performed in the presence of 2 mM Mg 2+ with substrate Ds (10 nM) and either Nfo Mpn (lanes 2-7) or Nfo Mge (lanes 8-13) (at 100 nM). At 0, 1, 5, 10, 15 and 30 min of incubation, samples of 10 ml were taken from the reaction and analysed as described in (a). A length marker of 18 nt (oligonucleotide SubSS-18R) was loaded in lane 1. 7) and H 10 -Nfo Mge (lanes 8-13) was tested in volumes of 10 ml with 10 nM substrate Ds-AP, 20 mM Tris/HCl (pH 7.5), 1 mM DTT and various concentrations of EDTA (0-10 mM, as indicated above the lanes). Reactions were performed in a similar fashion to those described in Fig. 2 and H 10 -Nfo Mge (lanes 7-11) was tested in volumes of 10 ml with 10 nM substrate Ds-AP, 20 mM Tris/HCl (pH 7.5), 1 mM DTT and 2 mM EDTA (lanes 2 and 7), Mg 2+ (lanes 3 and 8), Mn 2+ (lanes 4 and 9), Ca 2+ (lanes 5 and 10) or Zn 2+ (lanes 6 and 11). Reactions were performed in a similar fashion to those described in (a). The control reaction shown in lane 1 was performed in the absence of protein and in the presence of 2 mM EDTA. A 6-FAM-labelled control oligonucleotide (oligonucleotide SubSS-18R, indicated with 'C') was loaded in lane 12. (d) Divalent cation-dependence of the 39A59 exonucleolytic activity of H 10 -Nfo Mpn and H 10 -Nfo Mge . The exonucleolytic activity of H 10 -Nfo Mpn (lanes 2-6) and H 10 -Nfo Mge (lanes 7-11) was tested in volumes of 10 ml with 10 nM substrate Ds, 20 mM Tris/HCl (pH 7.5), 1 mM DTT and 2 mM EDTA (lanes 2 and 7), Mg 2+ (lanes 3 and 8), Mn 2+ (lanes 4 and 9), Ca 2+ (lanes 5 and 10) or Zn 2+ (lanes 6 and 11). Reactions were performed in a similar fashion to those described in (a). The control reaction shown in lane 1 was performed in the absence of protein and in the presence of 2 mM EDTA. Reactions were carried out in a similar fashion as described in Fig. 2(a) , and contained 100 nM protein (as indicated above the lanes) and either 2 mM EDTA (lanes 2 to 7) or 2 mM Mg 2+ (lanes 8-19) , and one of the following DNA substrates: Ss-AP (a single-stranded oligonucleotide with an AP site; lanes 2-4 and 8-10), Ds-AP (lanes 5-7 and 11-13), Ss (the non-modified version of Ss-AP; lanes [14] [15] [16] (Fig. 3d, lanes 5 and 10) . The divalent cation-dependence of the mycoplasmal Nfo proteins was similar to that reported for the Chlamydophila pneumoniae Nfo protein (Liu et al., 2007) . Although the exonucleolytic activity of the E. coli protein was also assayed in the presence of different divalent cations, these experiments were reported to show significant variation and are, therefore, difficult to interpret (Kerins et al., 2003) .
DNA substrate requirements of the Nfo proteins
To investigate the DNA substrate requirements of the Nfo proteins, they were incubated with substrates Ds-AP and Ds, as well as with the single-stranded counterparts of these substrates. Fig. 4(a) shows that the abasic site is also recognized and cleaved by both Nfo Mpn and Nfo Mge when present in a single-stranded oligonucleotide (lanes 3 and 4), albeit that the activity of both proteins is slightly less efficient on substrate Ss-AP than on the corresponding double-stranded substrate (Ds-AP) (lanes 6 and 7). This result is similar to that reported for Nfo Eco (Shida et al., 1995) , but contrasts with the data obtained for Nfo Tth , which is not able to cleave single-stranded AP substrates (Back et al., 2006) . The 39 exonucleolytic activity of Nfo Mpn and Nfo Mge , however, shows a strong dependence on the substrate being double-stranded. This is true for both the AP site-containing substrate (Fig. 4a, lanes 8-13) and the normal DNA substrate (lanes 14-19).
To test whether the Nfo proteins are also able to cleave modified DNA strands other than those containing abasic sites, we used a substrate containing an internal cholesteryl group (Ds-Chol). Such a bulky modification has previously been used to test the activity of proteins involved in the repair of UV light-induced damage (Moolenaar et al., 2000) . Interestingly, the Nfo proteins were also able to recognize this modification and cleave the modified strands immediately 59 to the modification (Fig. 4b, lanes 6-9) . The cleaved DNA also served as a substrate for the proteins' Mg 2+ -dependent 39A59 exonucleolytic activity (lane 9). The mycoplasmal Nfo proteins are therefore also able to recognize and process bulky DNA modifications.
Mutational analysis of Nfo Mpn
Crystallographic analysis of the Nfo Eco protein has identified several amino acid residues that function in the catalysis of the AP site cleavage activity. Most of these residues were shown to interact with divalent cations (Zn 1 , Zn 2 and Zn 3 ) in the protein's active site (Garcin et al., 2008; Hosfield et al., 1999) . To establish the role of the Nfo Mpn counterparts of these conserved residues in AP site cleavage and 39A59 exonucleolytic activity, we substituted these residues as well as other highly conserved acidic residues (in particular, Glu and Asp residues) to produce a set of 13 point mutants of Nfo Mpn . The targeted amino acid residues are indicated in Fig. 1(a) above the Nfo Mpn sequence. Each of the mutants was produced and purified as an H 10 -tagged protein (Fig.  5a ) and tested in the AP site cleavage assay in the presence of either substrate Ds-AP (Fig. 5b, c) or substrate Ds (Fig. 5d , e) and either 10 mM EDTA (Fig. 5b, d ) or 2 mM MgCl 2 (Fig. 5c, e) . Interestingly, four different types of mutants (types I to IV) could be distinguished on the basis of their phenotypes (Table 1) . Type I mutants exhibited an AP site cleavage activity and 39A59 exonucleolytic activity similar to that of the wild-type protein; these mutants included E97Q, E218Q and E275Q. Type II mutants showed a strongly reduced AP site cleavage activity in the presence of EDTA, a relatively high cleavage activity in the presence of Mg 2+ , but no exonucleolytic activity; these mutants included H72N, Y75A and H112N. Type III mutants demonstrated significant AP site cleavage activity in the presence of Mg 2+ , but not in the presence of EDTA. Moreover, these mutants (E147Q, D181N, H184N, H215N and D228N) displayed no, or only limited, 39A59 exonucleolytic activity. Type IV mutants (H230N and E260Q) only demonstrated minimal levels of AP site cleavage activity in the presence of Mg 2+ , and did not show 39A59 exonucleolytic activity (Fig. 5c, e, lanes 13 and 14) . Taken together, these mutants can be grouped into two larger phenotypic groups. The first group consists of mutants that have no, or limited, AP cleavage activity in the presence of EDTA, but display significant levels of AP cleavage activity in the presence of Mg 2+ ; these mutants show no, or limited, exonucleolytic activity. The second group only demonstrates marginal levels of AP site cleavage activity in the presence of Mg 2+ and does not show exonucleolytic activity. In addition, our results indicate that: (i) amino acid residues E147, D181, H184, H215, D228, H230 and E260 of Nfo Mpn are important for the protein's AP site cleavage activity in the presence of EDTA, (ii) the AP cleavage deficiency caused by mutation of residues E147, D181, H184, H215 and D228 can, at least in part, be rescued by the addition of Mg
2+
, and (iii) mutation of residues H72, Y75, H112, E147, D181, H184 and D228 abolishes the 39A59 exonucleolytic activity of Nfo Mpn , while retaining a relatively efficient AP site cleavage activity in the presence of Mg
. The AP site cleavage activity of Nfo Mpn can therefore be uncoupled from the protein's 39A59 exonucleolytic activity.
The mutants that displayed 39A59 exonucleolytic activities on substrate Ds-AP (Fig. 5c ) also did so on normal substrate Ds fashion to those described in Fig. 2(a) , and were performed in the absence of protein (the lanes marked '"') or in the presence 100 nM H 10 -Nfo Mpn (the lanes marked '+'), and contained either 2 mM EDTA (lanes 1, 2, 6 and 7) or 2 mM Mg 2+ (lanes 3, 4, 8 and 9), and either DNA substrate Ds-AP (lanes 1-4) or Ds-Chol (a 50 bp oligonucleotide with a deoxyribose-cholesteryl modification at position 27; lanes 6-9). A 6-FAM-labelled control oligonucleotide (indicated with 'C') was loaded in lane 5. The lengths of the 6-FAM-labelled substrates and cleavage products are indicated alongside the gel in nucleotides. The protein-concentration dependence of the AP site cleavage activities of the type I and II mutants (which showed activity in the presence of EDTA) was quantified (Fig. 5f ). Cleavage activity was not quantified for the mutants that only displayed activity in the presence of Mg 2+ , as this activity is confounded by the 39A59 exonucleolytic activity of some of the proteins, i.e. the wildtype protein, all type I mutants and some of the type III mutants (Fig. 5c ). As shown in Fig. 5(f) , only one of the mutants, E97Q, showed a similar AP site cleavage activity to the wild-type protein. The other mutants each showed significantly lower activities, which corresponded to the cleavage levels observed in Fig. 5(b) . In conclusion, apart from residue E97, the other highly conserved amino acid residues that were targeted in this study each play a certain role in 39A59 exonucleolysis and/or AP site cleavage. Most significant defects in enzymic activity were observed for mutant H230N and, in particular, E260Q.
IP
DISCUSSION
Comparative genomics have indicated that M. pneumoniae and M. genitalium may both express a single protein involved in base excision repair, i.e. Nfo Mpn and Nfo Mge . We show here that these proteins are indeed able to recognize damaged nucleotides in DNA and specifically cleave these substrates at the phosphodiester bond immediately 59 to the activity of the H 10 -Nfo Mpn mutants in the presence of Mg
2+
. The activities of the mutants of H 10 -Nfo Mpn were assayed in the presence of substrate Ds-AP and 2 mM Mg 2+ , in a similar way to that described in (b). The lengths of the substrate, AP site cleavage products and exonucleolysis products ('39 exo products') are indicated at the left-hand side of the gel in nucleotides. (d) 39A59 Exonucleolytic activity of the H 10 -Nfo Mpn mutants in the presence of 10 mM EDTA. The 39A59 exonucleolytic activity of the mutants of H 10 -Nfo Mpn was assayed in the presence of substrate Ds (10 nM) and 10 mM EDTA, in a similar fashion to that described in (b) . ( H112N (m), E218Q (#) or E275Q ($). AP site cleavage ('Cleavage' on the y-axis) was quantified by determination of the percentage of substrate Ds-AP that was cleaved by the proteins, similarly as described in Fig. 2(b) . Reactions were performed in triplicate. Error bars indicate the standard deviation of the mean. The activities of H 10 -Nfo Mpn and its mutants were derived from the data shown in Fig. 5 . The data were qualified as '2' (,5 %), '+/2' (5-10 %), '+' (10-50 %), '++' (50-80 %) and '+++' (.80 %). The Nfo Eco counterparts of the targeted amino acid residues were found to interact with no, one or two of the three divalent cations (Zn 1 , Zn 2 and Zn 3 ) that were identified previously in Nfo Eco 's active site (Garcin et al., 2008; Hosfield et al., 1999 In addition to the damage-specific endoncleolytic activities of Nfo Mpn and Nfo Mge , we also found these proteins to possess non-specific 39A59 exonucleolytic activity. Such activity has previously also been attributed to other Nfo proteins (Back et al., 2006; Kerins et al., 2003; Liu et al., 2007) . It is interesting to note, however, that while the AP cleavage activity of Nfo Eco had already been identified in 1977 (Ljungquist, 1977) , the exonucleolytic activity of this enzyme was only reported in 2003 (Kerins et al., 2003) . The main reason for this may be that the AP endonucleolytic activity of the Nfo Eco protein was found initially to be independent of divalent cations and that, therefore, most assays were carried out in the absence of these cations. Obviously, this precluded the discovery and analysis of the Mg
-dependent 39A59 exonucleolytic activity of the protein. It may also be relevant to mention that the 39A59 exonucleolytic activity of Nfo Eco was reported to be inhibited by the presence of 59-incised abasic residues adjacent to the nick that resulted from the AP cleavage activity (Ishchenko et al., 2006; Wong et al., 2003) . A similar inhibitory effect was not observed for the mycoplasmal Nfo proteins analysed in this study.
The dependence of Nfo proteins on divalent cations for their activities is, however, still a matter of debate. Despite the apparent lack of a requirement for Mg 2+ for its AP endonucleolytic activity, Nfo Eco was reported to contain both Zn 2+ and Mn 2+ ions by atomic absorption spectrometry (Levin et al., 1991) . These findings were supported by structural analyses, which indicated the presence of three Zn 2+ ions within the protein's active site (Garcin et al., 2008; Golan et al., 2010; Hosfield et al., 1999) . In addition, Nfo Eco was reported to be partly inactivated by treatment with either EDTA (1 mM) or 1,10-phenantroline (Levin et al., 1991 (Levin et al., , 1988 ' sites (Garcin et al., 2008) ; on the basis of crystallographic and biochemical analyses, it is likely that this is the Zn 3 site (Garcin et al., 2008) .
In combination with biochemical and molecular dynamics data, the structural information on Nfo Eco led to the definition of specific roles for each of the three Zn 2+ ions in AP site cleavage (Garcin et al., 2008; Hosfield et al., 1999; Ivanov et al., 2007) . After entry into the protein's active site, the AP site is bound by Zn 1 and Zn 3 . An attacking water molecule, which serves as a nucleophile, is deprotonated by the amino acid residue that is directly involved in endonucleolysis, i.e. E261. The resulting hydroxide ion is stabilized by both Zn 1 and Zn 2 , while all Zn 2+ ions function in stabilization of the pentacoordinated transition state of the cleavage reaction. Finally, the Zn 3 ion coordinates the phosphate oxygen and also stabilizes the developing negative charge of the 39 oxygen leaving group.
Apart from key residue E261, several other amino acid residues were also demonstrated to play important roles within the active site of Nfo Eco , either by interacting with the three Zn 2+ ions or by binding to the DNA substrate. These residues are H69, H109, E145, D179, H182, H216, D229 and H231. Nfo Eco variants that were mutated in each of these amino acid residues were severely hampered in the AP site cleavage activity (Garcin et al., 2008; Golan et al., 2010; Yang et al., 1999) . Here, we show that the corresponding active site mutations in Nfo Mpn (i.e. of residues H72, H112, E147, D181, H184, H215, D228, H230 and E260, respectively) resulted in proteins with a phenotype similar to that of their Nfo Eco counterparts ( Fig. 5 and Table 1 ). Interestingly, we found the cleavage deficiency of most of these Nfo Mpn mutants, as observed in the absence of divalent cations, to be restored (albeit partially in some cases) in the presence of Mg 2+ . A possible explanation for this phenomenon is that the Nfo Mpn active site mutants are unable to tightly coordinate one or more divalent cations in the active site. As described above, the coordination of metal ions is crucial for nucleophilic attack of the scissile phosphodiester bond at the 59 side of the damage in the DNA substrate. In the wildtype protein, the metal ions may be bound with such high affinity that they cannot be extracted efficiently from the protein in the presence of high concentrations of EDTA. This may explain why this protein remains catalytically active in the presence of this chelating agent. The inability of the active site mutants to coordinate all three divalent cations in their active site may be restored by the addition of Mg 2+ , which can be accommodated due to an altered conformation of the active site, and properly positioned for nucleophilic attack of the scissile phosphate group of the AP site. Support for this notion was presented in a study by Golan et al. (2010) , who elucidated the crystal structure of Nfo Eco mutant H69A. This mutant, which represents the counterpart of Nfo Mpn mutant H72N from this study, was found to lack one of the three active-site Zn 2+ ions (Zn 1 , as predicted) and also showed other rearrangements within the active site, such as an increased conformational flexibility of residue H109, which is, like H69, involved in the interaction with Zn 1 in the wild-type protein (Golan et al., 2010) . Like Nfo Eco mutant H69A, Nfo Mpn mutant H72N showed a significantly reduced AP cleavage activity in comparison with the wild-type protein; however, both proteins showed considerably higher activities in the presence of divalent cations in the reaction (this study; Ishchenko et al., 2006 This notion is based on the finding that mutation of the aforementioned active site residues not only affects the AP endonucleolytic activity (in particular in the presence of EDTA), but also affects the exonucleolytic activity of Nfo Mpn . Nevertheless, it is clear that the latter activity has more stringent amino acid sequence and/or structural requirements than the AP cleavage activity. Based on the different activities that are displayed by the Nfo proteins in the presence and absence of additional divalent cations, it is likely that their active sites have different conformations under these conditions. To test this hypothesis, it is important that structural information on the various types of mutants be obtained in the absence and presence of different divalent cations. In addition, future studies will have to focus on elucidation of the roles of Nfo proteins in the life cycle of both M. pneumoniae and M. genitalium.
